Over the past decades a great deal of attention has been devoted to the discovery of new analytical methods for the reliable detection of target species[@b1][@b2][@b3][@b4]. The real-time monitoring of fluoride ion concentration in aqueous and physiological media as well as its quantitative determination across a large concentration range is of vital importance for various environmental and health-care issues as well as in industrial and scientific applications[@b5][@b6][@b7][@b8]. Several strategies have been reported on fluoride detection using recognition-transduction schemes based on the optical read-out of a luminescent or colorimetric signal. Examples include molecular recognition protocols using boron[@b5][@b6][@b9][@b10][@b11] or stibonium[@b12]-based anion receptors, or mesoporous silica host materials[@b13] that are equipped with a reporter molecule to monitor either luminescence quenching or turn-on processes, whereas recently a sensitive colorimetric fluoride sensor based on supramolecular interactions such as charge or electron transfer, respectively, was described[@b14]. However, most of the molecule-based analytical methods suffer from interference with other anions or are incompatible with aqueous media, which greatly limits the scope of their use[@b15][@b16]. Here we demonstrate how the analyte-induced degradation of a hybrid host material with embedded reporter molecules can be efficiently used as an extremely sensitive signal transduction mode ([Fig. 1](#f1){ref-type="fig"}). It is thus anticipated that our new recognition-transduction mechanism contributes to the development of optically encoded chemosensors and hence for the sensitive visualization of specific host-guest interactions. Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs)[@b17][@b18][@b19], have attracted great interest in the last decade as a new class of highly porous materials ideally suited for applications in gas adsorption, separation processes[@b20][@b21][@b22] and chemical sensing[@b23][@b24][@b25]. The underlying modular concept of combining inorganic metal-clusters and organic linker molecules allows for the targeted design of three-dimensional crystalline molecular skeletons with defined pore dimensions, uniform pore shapes and versatile functionalities.[](#t1){ref-type="table"}

Our strategy for visualizing the recognition of a target ion requires the implementation of a fluorescent reporter molecule into the confined crystalline environment of a hybrid host material. As a consequence of the confinement of the reporter molecules within the three-dimensional host, almost complete fluorescence quenching is observed. However, the selective trapping of fluoride ions from aqueous analytes directly correlates with an intense turn-on fluorescence signal that can easily be monitored by fluorescence spectroscopy. More specifically, the turn-on of fluorescence that is triggered by the controlled decomposition of the host material exhibits great advantages over luminescence quenching methods reported for luminescent MOFs[@b23][@b26]. The turn-on fluorescence is an extremely sensitive technique, having the capability to detect even single molecules in solution and has great potential for the highly sensitive monitoring of the fluoride ion concentration in different media. Although there are several reports dealing with the intrinsic luminescence of MOFs and its use in chemical sensing[@b2][@b3][@b27][@b28], none of these optical detection schemes tolerates aqueous environments and simultaneously shows turn-on fluorescence response triggered by the highly selective capture of fluoride ions.

Here we report on highly selective and extremely sensitive fluoride sensor based on an amino-functionalized metal-organic framework designated NH~2~-MIL-101(Al)[@b29] that covalently binds fluorescein 5(6)-isothiocyanate (FITC) as fluorescent reporter molecule. We demonstrate an unprecedented methodology for the detection of fluoride ions in aqueous solutions that is based on the decomposition of the MOF and provides an intense turn-on switching response induced by the release of the quenched reporter molecules. The intact crystalline MOF material with embedded fluorescein dyes itself is non-fluorescent and selectively binds fluoride ions from water. The capture of fluoride ions results in the formation of different aluminum complexes, which induces the structural decomposition of the MOF host. The detection mechanism after infiltrating the MOF with an aqueous fluoride-containing analyte solution is revealed by ^19^F and ^27^Al-NMR titration experiments. To the best of our knowledge, the fluorescein-labeled MOF composite material is the first example of a MOF-based fluoride sensor system which tolerates aqueous environments, exhibits high selectivity versus other anions and covers a broad range of anion concentrations. We anticipate that the general concept of creating a fluorescence output by the controlled release of quenched fluorescence dye molecules from a porous host can be extended to other analyte detection schemes, thus adding to the toolbox for the development of advanced optical chemosensors and the understanding of signal transduction schemes.

Results
=======

Recently, the group of F. Kapteijn reported on the amino-functionalized analogue of a large-pore metal-organic framework, designated NH~2~-MIL-101(Al)[@b29]. The aluminum-based MOF scaffold with implemented amino-functionality represents an ideal candidate for the post-synthetic dye-labeling that was performed by exposing the porous host to FITC at room temperature. Powder X-ray diffraction (PXRD) measurements of the as-synthesized MOF material, as well as the post-synthetically fluorescein-labeled host are in good agreement with simulated data indicating that the crystalline structure remains intact upon dye-labeling ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). Scanning electron microscope measurements (SEM) additionally confirm that the crystal morphology of the host MOF does not change significantly after being post-synthetically modified with fluorescein dye molecules ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). After dye loading, a significant decrease of the specific surface area from 2315 m^2^/g to 698 m^2^/g as well as a reduction of the pore volume of the host material is revealed by physisorption experiments. This indicates a successful introduction of FITC into the porous structure of the host ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). Infrared and Raman spectroscopy show the presence of a strong characteristic absorption band corresponding to the isothiocyanate group of free FITC, whereas no such absorption band is observed after fluorescein is incorporated into the host framework ([Supplementary Fig. S6 + S7](#s1){ref-type="supplementary-material"}). Fluorescence spectroscopy shows that the fluorescence intensity of the fluorescein guests drops significantly (almost to the background level, see [Fig. 2](#f2){ref-type="fig"}) once they are incorporated into the framework.

Fluorescence titrations of NH~2~-MIL-101(Al)-FITC with sodium salt solutions of different anions were used to demonstrate the selectivity of the sensor (see [Fig. 3](#f3){ref-type="fig"}). The MOF-based fluoride sensor shows very high selectivity against many other ions in aqueous solution.

Additionally, more detailed information about the different fluoride species in solution as well as mechanistic insights into the dissolution process were gained by performing NMR titration experiments, which prove that the framework is indeed dissolved by coordination of fluoride to aluminum ions from the framework.

The sensitivity of NH~2~-MIL-101(Al)-FITC towards fluoride was investigated by fluorescence titrations experiments (see [Fig. 4](#f4){ref-type="fig"}). The data demonstrate a very high sensitivity over a broad range of fluoride ion concentrations.

Discussion
==========

We believe that the significant drop of fluorescence intensity after incorporation of the dye into the host scaffold (see [Fig. 2](#f2){ref-type="fig"}) is caused by the well-known concentration- or self-quenching-effect of fluorescent dyes like fluorescein[@b30][@b31], or by interactions of fluorescein either with aromatic groups of the linker molecules, the metal centers, or the amino groups inside the MOF. Inspired by this observation, we developed the novel MOF-based fluoride sensing concept using the selective release of the fluorescent dye: Since the framework is not connected by strong covalent bonds, it can be broken up under mild conditions by other, more strongly coordinating ligands for the respective metal. While this "instability" can certainly be a disadvantage in certain applications, it is of key importance for the working principle of the fluoride sensor and the new sensing pathway presented in this work: upon replacing the MOF-linker molecules by other ligands, the fluorescent guest is released into the solution where its fluorescence is dequenched and a strong increase in the fluorescence signal can be detected. While the degradation of the framework renders this pathway non-reversible, we do not believe this to be a major setback, since all the reagents for the material used in this work are readily commercially available, the synthesis of the material is relatively fast and easy, and only very small amounts of the material are needed for performing the analysis. Due to the fact that the degradation of the framework is based on different affinities of the metal ions constituting the MOF towards linker and analyte molecules, this pathway has the potential of being highly selective and tailorable by choosing suitable MOFs (*i.e.* metal/linker combinations) for the respective target analytes. The fact that the release of the fluorescent dye results in a fluorescence increase rather than a quenching or loss of color contributes to the high sensitivity of this approach. Both the high selectivity based on strong interactions of aluminum with fluoride ions[@b32] and the high sensitivity based on the fluorescence dequenching are discussed in the following.

The remarkable selectivity of the sensor is demonstrated by fluorescence titrations of NH~2~-MIL-101(Al)-FITC with sodium salt solutions of different anions. The anions that were examined for interference in this work were chosen to reflect species that are typically present in natural water and that are also usually investigated when assessing the performance of a fluoride detection method[@b12][@b13][@b14][@b33]. Our investigations show that there is virtually no interference by other halides (see [Fig. 3](#f3){ref-type="fig"}). The strongest interference among the anions tested in this work is caused by sodium bicarbonate, which can be expected to mimic the coordination chemistry of the linker molecules, *i.e.* coordination of aluminum *via* carboxylate groups. Interestingly, sodium acetate shows only very weak interference, although it also exhibits a carboxylate group. The absence of strong acetate interference also proves that the recorded fluorescence increase does not simply depend on an increase of the pH, since the basicity of acetate is higher than that of fluoride (pK~A~(CH~3~COOH) ≈ 4.75 vs. pK~A~(HF) ≈ 3.45)[@b34]. However, the fluorescence signal is much stronger after fluoride addition than after acetate addition, indicating that the fluorescence increase is triggered by coordination of fluoride to aluminum metal centers rather than by a rise of the pH. Interference by other ions is a well-known issue, also for the commonly used optical fluoride detection methods in aqueous solution, such as the SPADNS method or the complexone method[@b35][@b36]. Hence, a process called "Bellack Distillation"[@b33] is usually recommended prior to sample analysis if appreciable amounts of interfering ions are present[@b33][@b35][@b36]. This process was shown to remove most interfering ions from the analyte solution[@b33].

The fact that fluoride leads to a controlled decomposition of the framework is also backed up by NMR titration experiments which clearly show that differently coordinated molecular aluminum fluoride species are formed upon fluoride addition to a dispersion of the MOF in water (see [Fig. 5](#f5){ref-type="fig"}). [Fig. 5.a](#f5){ref-type="fig"} shows the ^19^F NMR spectra after sequential additions of NaF to NH~2~-MIL-101(Al)-FITC in water. The data demonstrate how the number of fluoride ions binding to aluminum increases with increasing fluoride concentration. The peaks of the aluminum complexes with high fluoride content (*i.e.* more than four fluoride atoms) cannot be observed here, most probably because they are too broad. Similar observations were made by Sur *et al.*[@b37] and by Bodor *et al.*[@b38]. Sur *et al.* attribute the line broadening mainly to a two-site exchange between free fluoride ions and fluoroaluminum complexes, although scalar relaxation mechanisms are also discussed. Bodor *et al*. also attribute the broadening to fluoride exchange; however, the authors also briefly mention precipitation and the formation of mixed aluminum hydroxo species as possible causes.

Going deeper into the exact nature of the aluminum fluoride species that are formed is beyond the scope of this work, but our NMR titration experiments clearly show that differently coordinated molecular aluminum fluoride species are formed upon fluoride addition to a dispersion of the MOF in water. In agreement with the literature, we found complexes with one and two fluoride atoms bound to aluminum at low fluoride concentrations. With increasing fluoride concentration, aluminum species that are coordinated by more and more fluoride ions are formed, while the amount of aluminum species with lower fluoride amounts decreases. Interestingly, the amount of "free" fluoride (*i.e.* fluoride ions that are not coordinating a metal ion) observed at δ ≈ −119.2 ppm is very low at the beginning, and after the corresponding peak starts to develop at about 1000 μM, it stays at a low level. We propose the following detection mechanism: aluminum fluoride complexes and linker molecules (together with the fluorescent dye) are liberated from the framework into the solution *via* a displacement of linker molecules by fluoride ions. This is also backed up by the ^27^Al NMR spectra (see [Fig. 5.b](#f5){ref-type="fig"}), which feature a broad peak at δ ≈ 4 ppm that can be assigned to \[AlF~x~(H~2~O)~6−x~\]^(3−x)+^[@b37][@b38]. Before fluoride addition, no signals can be observed in the ^27^Al NMR, indicating that there is no appreciable amount of aluminum present in the solution at the beginning. Only after addition of fluoride, aluminum fluoride complexes can be found in solution. This indicates that the aluminum source is really the MOF and that the fluoride complexes that can be observed by NMR are indeed formed by a degradation of the metal-organic framework.

In addition to the remarkable selectivity of NH~2~-MIL-101(Al)-FITC towards fluoride, we could also demonstrate a very high sensitivity covering a broad range of fluoride ion concentrations from approximately 15 μg up to at least 1600 μg of fluoride per 1 L of water, or 15 to 1600 ppb. (see [Fig. 4](#f4){ref-type="fig"}).

We believe that the main reason for the high sensitivity is the efficient quenching and dequenching of fluorescein fluorescence upon incorporation into and liberation from the host framework, respectively. The slight deviation from linear behavior at low fluoride concentration (which can be better seen in a non-double-logarithmic plot, as for example in [Fig. 1.d](#f1){ref-type="fig"}) is attributed to the initial coordination of fluoride ions to trace amounts of free aluminum precursor still present in the porous framework or from coordination to unsaturated metal centers inside the MOF. Both effects do not lead to a replacement of linker molecules by fluoride and hence the amount of fluorescein that is released into the solution is lower than expected. Once all these metal ions are coordinated by fluoride, further addition of fluoride results in linker displacement and liberation of fluorescein into the solution and the concomitant fluorescence dequenching discussed above. Assuming a homogeneous distribution of fluorescein throughout the framework, the fluorescence signal should hence increase linearly with fluoride concentration, until the framework is more or less completely dissolved, at which point the fluorescence signal should level off. However, that point was not reached in the titrations shown here.

In this study we have introduced a new signal transduction scheme in the field of MOFs, which is based on the efficient quenching of fluorescent guests upon incorporation into the porous framework and the subsequent dequenching upon analyte-specific degradation of the host material. This new sensing concept was illustrated with the dye-loaded MOF NH~2~-MIL-101(Al), thus introducing a highly sensitive and selective fluoride sensor that is compatible with aqueous analyte solutions. Deeper insights into the transduction mechanism were gained by ^19^F and ^27^Al NMR titration studies, revealing that the porous host framework is indeed dissolved upon fluoride ion addition due to competing coordination of fluoride to metal centers inside the metal-organic framework. We believe that the high sensitivity of the system is controlled by the coordination chemistry and the different affinities of the metal ions inside the framework towards linker molecules, fluoride ions, and other interfering ions. Fluorescence titration experiments were used to quantitatively show the remarkable selectivity and sensitivity of our fluoride sensor. We attribute the high sensitivity to the fact that a turn-on fluorescence signal rather than a color- or fluorescence-quenching based signal transduction scheme is used. All in all, the sensitivity of the sensor presented in this work is far better than that of the commonly used optical fluoride detection methods in aqueous solution according to data presented by the World Health Organization (WHO) and the American Public Health Association[@b35][@b36], namely the sodium-2-(parasulfophenylazo)-dihydroxy-3,6-napthalene disulfonate (SPADNS) method and the complexone method. These references give a fluoride detection range of 100 to 1400 ppb for the SPADNS method and a range of 50 to 2000 ppb for the complexone method, at comparable anion selectivity. In our work, we have demonstrated a detection range from 15 up to at least 1600 ppb. The sensitivity is also comparable to other optical fluoride detection methods recently discussed in the literature, which can detect fluoride concentrations in the low ppm[@b11][@b12] or also in the ppb[@b10][@b13][@b14] range. However, these methods typically require a solvent mixture of water and an organic solvent such as chloroform[@b10], methanol[@b11], acetonitrile[@b13] or DMSO[@b12][@b14], or need to be carried out in a buffer at acidic pH[@b11][@b12][@b13] or in the presence of other compounds such as CTAB[@b12]. Moreover, in some cases the use of organic solvent mixtures made it necessary to use tetraalkylammonium salts instead of the naturally more abundant and relevant sodium or potassium salts when studying the selectivity and sensitivity[@b10][@b14]. In contrast, the method reported here works at neutral pH and without the need for organic solvents or other additives.

We believe that the general concept of releasing fluorescent guest molecules from MOFs can be extended to other combinations of analytes and metal coordination environments, thus adding to the growing toolbox of optical chemosensors.

Methods
=======

Synthesis of NH~2~-MIL-101(Al) and NH~2~-MIL-101(Al)-FITC
---------------------------------------------------------

The solvothermal synthesis of NH~2~-MIL-101(Al) was carried out according to a slightly modified literature synthesis[@b28]. In a 50 mL glass reactor, aluminum(III) chloride hexahydrate (0.51 g, 2.11 mmol, 1.0 eq.) and 2-amino terephthalic acid (0.56 g, 3.09 mmol, 1.5 eq.) were dissolved in 30 mL *N*,*N*-dimethylformamide (DMF) in an ultrasonic bath. The sealed glass reactor was kept for 72 h in a preheated oven at 403 K. The resulting yellow powder was filtered under vacuum and washed with acetone. To remove organic species trapped within the pores, the samples were extracted in boiling methanol for 8 h and stored at 373 K.

For dye loading experiments, fluorescein 5(6)-isothiocyanate (15.0 mg, 0.0385 mmol) was dissolved in absolute ethanol (50 mL). NH~2~-MIL-101(Al) (100 mg, 0.157 mmol) was added to the ethanolic dye solution and left for 48 h on an orbital shaker at room temperature. NH~2~-MIL-101(Al)-FITC was filtered and repeatedly washed with ethanol and deionized water.

Characterization
----------------

Powder X-ray diffraction (XRD) measurements were performed using a Bruker D8 diffractometer (Cu-K~α1~ = 1.5406 Å; Cu-K~α2~ = 1.5444 Å) in *theta-theta* geometry equipped with a Lynx-Eye detector (2*θ* = 2--45°; Δ2*θ* = 0.05°). Nitrogen physisorption measurements were performed on a Quantachrome Instruments Autosorb at 77 K after outgassing for 12 hours at 393 K. Thermogravimetric analyses of the bulk samples were performed on a Netzsch STA 440 C TG/DSC with a heating rate of 1 K min^−1^ in a stream of synthetic air at about 25 mL min^−1^. Scanning electron microscopy (SEM) images were recorded with a JEOL JSM-6500F microscope equipped with a field emission gun. Fluorescence titrations were carried out using a Hamilton Microlab 500 semiautomatic precision liquid processor connected to a PTI fluorescence spectrometer. Dynamic light scattering (DLS) was performed on a Malvern Zetasizer-Nano instrument. NMR spectra were recorded on a Jeol EX 400 or a Jeol Eclipse 400 instrument at room temperature and at a frequency of 376.17 MHz with 2048 scans for ^19^F NMR and 104.17 MHz with 4096 scans for ^27^Al NMR.

Fluorescence titrations of NH~2~-MIL-101(Al)-FITC
-------------------------------------------------

For fluorescence titration measurements, a stock solution of NH~2~-MIL-101(Al)-FITC in water with a mass concentration of 1 mg/mL was freshly prepared and sonicated very briefly (a few seconds) in an ultrasonic bath to obtain a homogeneous suspension of the MOF in water with a hydrodynamic particle size of approximately 300 nm as determined by dynamic light scattering (see [Fig. S10](#s1){ref-type="supplementary-material"}). Then, 100 μL of this stock solution was diluted in 2900 μL of water (resulting in a total volume of 3 mL and a final mass concentration of 33 μg/mL) in a quartz glass cuvette and stirred magnetically at room temperature. While stirring, the fluorescence emission was monitored continuously at 520 nm every second, using an excitation wavelength of 485 nm and an integration time of 1 second. The bandpass for excitation and emission was 4 nm. When the solution was equilibrated and the fluorescence signal did not change any more over time (typically after 20--40 minutes), a sodium fluoride solution (freshly prepared by dissolving an appropriate amount of NaF in water) was dispensed stepwise in portions of 2.5 μL from a 50 μL syringe into the fluorescence cuvette. After each step, the fluorescence was monitored for 4 minutes using the same parameters as above.

Titrations with other salt solutions and with the unlabeled MOF were performed accordingly, using 4.8 mM stock solutions of the corresponding salts and a MOF mass concentration of 33 μg/mL.

For data analysis, the mean fluorescence signal was calculated for each salt addition step from the last 60 seconds of the 4 minutes measurement interval (typically, the change in fluorescence signal was negligible 10 to 180 seconds after salt addition), the background fluorescence (*i.e.* the fluorescence signal before fluoride addition) was subtracted, the values were normalized to the resulting starting intensity, and then plotted against the anion concentration in the cuvette. Dilution of the solution due to volume changes caused by the addition of the salt solutions was neglected (the total volume change was 2% max.). Errors were calculated from the deviation of two individual measurements made with different MOF and salt stock solutions. Lines through the origin were fitted using a linear regression model.

NMR titrations of NH~2~-MIL-101(Al)-FITC
----------------------------------------

For ^19^F and ^29^Al NMR titrations, a stock solution of NH~2~-MIL-101(Al)-FITC in H~2~O with a mass concentration of 1.2 mg/mL was prepared. Then, 0, 40, 80, 120, 160, 200, 240, 280, 320, 360 and 400 μL of freshly prepared aqueous NaF stock solutions (7.43 mM) was added to 400 μL of the MOF stock solution in an 1.5 mL Eppendorf cup, and the total volume was adjusted to 800 μL with H~2~O. The resulting solutions were mixed by shaking on a vortexer and by sonication in an ultrasonic bath and subsequently transferred to an NMR tube.

Additional information on sample synthesis and characterization as well as on data analysis can be found in the [Supplementary Information](#s1){ref-type="supplementary-material"}.
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![Schematic illustration of the recognition-transduction scheme by metal-anion complexation-induced decomposition of a MOF framework.\
The MOF scaffold with covalently entrapped reporter molecules serves as a non-emissive host-guest material for the detection of analyte species. The recognition is realized as a competitive metal-anion complexation in an aqueous analyte-containing environment. The degradation process leads directly to the turn-on of the fluorescence of the reporter molecules, which is correlated with the fluoride ion concentration.](srep02562-f1){#f1}

![Fluorescence spectroscopy data.\
(a), Excitation and emission spectra of NH~2~-MIL-101(Al)-FITC before fluoride addition. (b), Excitation and emission spectra of NH~2~-MIL-101(Al)-FITC after fluoride addition. (c), Excitation and emission spectra of 2-amino terephthalic acid, representing the linker molecule in NH~2~-MIL-101(Al). (d), Comparison of fluorescence titrations of NH~2~-MIL-101(Al)-FITC and unlabeled NH~2~-MIL-101(Al) (error bars indicate the deviation of two individual measurements with different MOF and titration stock solutions; for a more detailed description of experimental details, data analysis, and raw spectral data see [Supplementary Information](#s1){ref-type="supplementary-material"}). Insets in (a) and (b), Photographs of the MOF stock solution before (a) and after (b) fluoride addition.](srep02562-f2){#f2}

![Sensor selectivity data obtained from fluorescence titrations with different salt solutions.\
(a), Data obtained from fluorescence titrations of NH~2~-MIL-101(Al)-FITC with sodium salts of different anions. Error bars indicate the deviation of two individual measurements with different MOF and titration stock solutions. (b), Ratio of slopes obtained by fitting a line through the origin to the data in (a). For a more detailed description of experimental details, data analysis, and raw spectral data see [Supplementary Information](#s1){ref-type="supplementary-material"}.](srep02562-f3){#f3}

![Fluorescence titration curves.\
The data show fluorescence titrations of NH~2~-MIL-101(Al)-FITC with two titration solutions of different concentration. Error bars indicate the deviation of two individual measurements with different MOF and titration stock solutions. For a more detailed description of experimental details, data analysis, and raw spectral data see [Supplementary Information](#s1){ref-type="supplementary-material"}.](srep02562-f4){#f4}

![^19^F and ^27^Al NMR titration of NH~2~-MIL-101(Al)-FITC.\
(a), ^19^F NMR. (b), ^27^Al NMR. The broad signal in the ^27^Al NMR between δ ≈ 50 ppm and δ ≈ 110 ppm arises from aluminum atoms from the NMR probe head or the NMR glass tube (see [Supplementary Information](#s1){ref-type="supplementary-material"}). The concentration of fluoride was adjusted to the values given in the figure. For peak assignments see [Table 1](#t1){ref-type="table"}. For a detailed description of experimental parameters, FID processing and raw spectral data see [Supplementary Information](#s1){ref-type="supplementary-material"}.](srep02562-f5){#f5}

###### Chemical shifts observed during the NMR titration experiments shown in [Figure 5](#f5){ref-type="fig"}. The peak assignments are based on references[@b37][@b38]

  Chemical Shift \[ppm\]       Fluoride Species       Chemical Shift \[ppm\]          Aluminum Species
  ------------------------ ------------------------- ------------------------ --------------------------------
  −119.2                          "Free" F^−^                   4              \[AlF~x~(H~2~O)~6−x~\]^(3−x)+^
  −153.6                    \[AlF~4~(H~2~O)~2~\]^−^                                           
  −154.4                     \[AlF~3~(H~2~O)~3~\]                                             
  −155.6                    \[AlF~2~(H~2~O)~4~\]^+^                                           
  −156.0                     \[AlF(H~2~O)~5~\]^2+^                                            
